We present our best estimates of the uncertainties due to heavy particle threshold corrections on the unification scale M U , intermediate scale M I , and coupling constant α U in the minimal non-supersymmetric SO(10) models.
Introduction
The hypothesis of a single unified gauge symmetry describing all forces and matter at very short distances is a very attractive one from practical as well as aesthetic point of view. Right now there are several good reasons to think that this gauge symmetry may indeed be SO (10) [1] . The most compelling argument in favor of SO (10) comes from ways to explain [2] the observed deficit [3] of the solar neutrino flux compared to the predictions [4] of the standard solar model in terms of a two flavor MSW [5] neutrino oscillation. Consistent understanding of the data from all four experiments using the MSW oscillation hypothesis requires the neutrino masses and mixings to lie in a very narrow range of values. It was shown in a recent paper [6] , that the minimal SO (10) theory that implements the see-saw mechanism [7] is a completely predictive theory in the neutrino sector and predicts masses and mixings between ν e and ν µ that are in this range. In addition to this, there are many other highly desirable features of the SO(10) theory, such as fermion unification into a single {16}-representation, a simple picture of baryogenesis [8] , asymptotic parity conservation of all interactions, etc. In view of these, we have undertaken a detailed quantitative analysis of the symmetry breaking scales of this minimal model in order to pinpoint its predictions for proton life time, especially the unertainties in it arising from unknown Higgs masses in the theory.
Since we are going to discuss the minimal SO(10) model, let us explain what we mean by the word 'minimal'. It stands for the fact that a) the Higgs sector is chosen to consist of the smallest number of multiplets of SO(10) that is required for symmetry breaking and b) only those fine-tunings of the parameters needed to achieve the desired gauge hierarchy are imposed. The above fixes the Higgs mass spectrum of the model completely.
Before we proceed further, we wish to make the following important remark about the minimal SO(10) model. For a long time, it was thought that this model cannot be realistic since it predicts [9] the relations among fermion masses such as m s = m µ and m d = m e at the GUT scale M U , which after extrapolation to the weak scale, are in complete disagreement with experiment. However, it was shown in Ref. [6] that in the minimal SO(10) models where the small neutrino masses arise from the see-saw mechanism [7] , there are additional contributions to charged fermion masses, that solve this problem. They arise from the fact that the (2, 2, 15) submultiplet of the {126}-dim. Higgs multiplet used in implementing the see-saw mechanism automatically acquires an induced VEV without additional fine-tuning.
These additional contributions correct the above mass relations in such a way as to restore agreement with observations. The same theory, as mentioned above, also predicts the interesting values for neutrino masses and mixings making the minimal SO(10) models not only completely realistic but also testable by neutrino oscillation experiments to be carried out soon.
Next, let us mention a word on our choice of non-supersymmetric version of the model. While the question of gauge hierarchy certainly prefers a supersymmetric (SUSY) SO(10) model, in the absence of any evidence of supersymmetry at low energies as well as for the sake of simplicity alone, we believe that minimal non-
Case A arises if the Higgs multiplet used to break is a single {54}-dimensional one [11] . Cases B and C arise if a single {210}-Higgs multiplet is used. Depending on the range of the parameters in the Higgs potential, either case B or case C arises as the intermediate symmetry [12] . Case D arises when one uses a combination of {45}-and {54}-dimensional Higgs multiplets [13] . The rest of the symmetry breaking is implemented by a single {126}-dimensional representation to break SU(2) R × U(1) B−L as well as to understand neutrino masses and a single complex {10} to break the electroweak SU(2) L × U(1) Y down to U(1) em . These four cases therefore represent the four simplest and completely realistic minimal SO(10) models. In the rest of the paper, we present calculations of the predictions for proton life-time (τ p ) in these models as well as the uncertainties in these predictions due to unknown Higgs masses and the uncertainties in the low energy input parameters, in order to see if the next round of proton decay search at Super-Kamiokande (SKAM) [14] can test this model.
Computation of the Threshold Uncertainties in M U and M I
The two main equations in our discussion are i) the two-loop renormalization group equation for the evolution of the gauge coupling , i.e.,
and ii) the matching formula at the mass scale where the low energy symmetry group enlarges [15] 
In Eqs. (1) and (2), α i is the "fine-structure" constant corresponding to the gauge group G i and
where θ H i is the representation of the gauge group G i in the representation of the Higgs submultiplet H. The expressions for a i and b ij for the four cases are given in Table I [16, 17] . In deriving the values of a i and b ij in various cases as well as to obtain the threshold corrections λ i , we need to know the order of magnitude of the mass of the various Higgs submultiplets in the models. We obtain these by invoking the survival hypothesis for the Higgs multiplets as dictated by the minimal fine tuning condition for gauge symmetry breaking [18] . Using this hypothesis, in Tables IIa-IId, we list the various Higgs multiplets whose masses are near the relevant symmetry scales along with their contributions to λ I i . We proceed as follows: first using the two-loop equation, we derive the mean values for the mass scales in various cases. These results already exist in the literature [16, 17, 19, 20] based on the earlier LEP results. In Table III , we have presented their values from Ref. [20] , which uses the inputs α 1 (M Z ) = 0.016887± 0.000040;
, for further use in calcuating τ p . These values of M U and M I were obtained using analytic integration of Eq. (1) which has been done exactly for case A. For cases B, C, D, we have ignored terms whose effect in the final result of the renormalization group equation is smaller than the error coming from low energy LEP data by a factor of ten or more. We have also checked that inputting the most recent LEP [21] gives results for the mass scales which are within the level of accuracy of our calculations. although we refine these uncertainties somewhat, but the threshold uncertainties for cases A and C are new. These uncertainties are presented in Table IV . We have allowed the Higgs masses to be between 1/10 to 10 times the scale of the relevant symmetry breaking .
The formulas for the threshold effect on the mass scales M I and M U , which were used to obtain Table IV, are given below for each symmetry breaking chain.
We have defined 
In obtaining the above equations, we have assumed that the particles from a single SO(10) representation which have masses of the same order are degenerate. This is the same assumption as in Ref. [22] . Before proceeding to give our predictions for proton life-time, few comments are in order. a) We want to clarify how we get the uncertainties presented in Table IV are always negative, since we use M = M U to define them. In any case, from an experimental point of view, the upper value of the uncertainty is not too relevant.
c) The first set of entries in Table IV For proton life-time estimate, this is inconsequential.
Predictions for Proton Life-Time
Now, we present our predictions for proton life-time in the four SO(10) models A -D. For this purpose, we need the values of M U and α U and remember that in SO (10) there are extra gauge bosons contributing to proton decay compared to the SU(5) model. We use the following formula from the review by Langacker [25] , where the original literature can be found. We write 
p→e
Including the F p -factors, we present below the predictions for proton life-time in SO(10) (noting that α
). The first uncertainty in the predictions below arises from the proton decay matrix element evaluation whereas the second and the third ones come from LEP data and threshold correction, respectively [26] . 
Conclusion
In conclusion, we have computed the threshold uncertainties in both the intermediate and the unification scales for all four possible minimal non-supersymmetric SO(10) models A -D. We then update the predictions for proton life-time in all these cases including the most conservative estimates for the threshold uncertainties in it. We see that for case A, τ p is very much within the range of Super-Kamiokande search even without threshold corrections. On the other hand, for cases B and C, the threshold uncertainties have the effect of bring it within the range of SKAM search. Table Caption   Table I : One-and two-loop β-function coefficients for models A -D. (1) acquire masses when SO (10) , −26}} Table IIa -(1). , 0, 0}
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